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Open access under CC BY-NC-ND license.Directed plant cell growth is governed by deposition and
alterations of cell wall components under turgor pres-
sure. A key regulatory element of anisotropic growth,
and hence cell shape, is the directional deposition of
cellulose microfibrils. The microfibrils are synthesized by
plasma membrane-located cellulose synthase com-
plexes that co-align with and move along cortical micro-
tubules. That the parallel relation between cortical
microtubules and extracellular microfibrils is causal
has been named the alignment hypothesis. Three recent
studies revealed that the previously identified pom2
mutant codes for a large cellulose synthases interacting
(CSI1) protein which also binds cortical microtubules.
This review summarizes these findings, provides struc-
ture–function models and discusses the inferred
mechanisms in the context of plant growth.
The synthesis and composition of cell walls
The cell wall provides fundamental morphological control
for the plant body, and fulfills a range of biological func-
tions, including defense against biotic and abiotic stresses,
cell–cell communication and apoplastic water and nutrient
transport [1,2]. Two types of cell walls are normally
distinguished in vascular plants; an agile primary wall
and a robust secondary wall [3]. The primary wall is formed
during cell division at the cell plate where first callose is
synthesized and a class of galacturonic acid-enriched poly-
saccharides, pectins, are deposited that emanate from
Golgi derived vesicles [4]. This early cell wall provides
the basis for the middle lamella, the intercellular glue that
maintains cell–cell adhesion. At the maturing cell plate,
cellulose is synthesized by the cellulose synthase (CESA)
complex (Box 1) and larger proportions of Golgi-produced
hemicelluloses are incorporated [2]. Cellulose represents
the main load-bearing element in the cell wall, and forms a
strong fibrilar mesh that molds the cell shape under turgor
pressure. The cellulose microfibrils are inter linked by
hemicelluloses, pectins and extracellular glycoproteins
that regulate cell wall expansion. The influence of the wallCorresponding author: Persson, S. (Persson@mpimp-golm.mpg.de).
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elongating hypocotyl and root cells.
The alignment hypothesis
In cylindrical, anisotropic cells, cellulose microfibrils are
typically oriented perpendicular, or obliquely, with respect
to the growth axis [26]. Already in the early 1960s, it was
noted that the orientation of the microfibrils was sensitive
to the destabilizing spindle fiber drug colchicine [27].
Later, these spindle fibers were renamed microtubules
and were visualized as highly ordered arrays at the cell
cortex during interphase (Box 2) [26,28]. These discoveries
led to the hypothesis that in many cell types cortical
microtubules guide the synthesis and orientation of cellu-
lose microfibrils [26,43,44]. The motility of the CESA com-
plexes would be due to their catalytic activity, i.e. the
emerging cellulose microfibril becomes immobilized in
the wall and further synthesis would simply push the
complexes forward [45,46]. Consistent with this hypoth-
esis, small rosette-like structures at the plasma membrane
that contain CESAs [47,48] co-align with, and move along,
cortical microtubules [49]. The co-localization between
microtubules and CESA trajectories was also observed
when dynamic reorientations of the microtubules occur.
In particular, the concomitant rotation of both microtu-
bules and CESA trajectories has been proposed to promote
the polylamellate texture of the outer epidermal cell walls
in growing hypocotyls [50]. Different models for how the
CESAs may be guided by the microtubules have been put
forward. It was envisioned that the close interaction of
cortical microtubules and the membrane could form bar-
riers that constrained moving CESA complexes to remain
between neighboring, parallel microtubules [51]. In
another suggestion, coined the ‘templated-incorporation’
model, cellulose microfibrils would adhere to scaffolds
arranged by microtubules. The microfibril deposition
would subsequently be directed by the scaffolds rather
than the microtubules [26,52]. The ‘template-incorpora-
tion’ model is in agreement with the observation that
CESAs continue their linear movements also in the012.06.003 Trends in Plant Science, November 2012, Vol. 17, No. 11
Box 1. The cellulose synthase complex and associated
proteins
Cellulose is synthesized at the plasma membrane by heteromeric
cellulose synthase (CESA) complexes [3] that hold up to 36 CESA
proteins. The genome of higher plants codes typically for nine or
more CESA genes [5–9]. In Arabidopsis, CESA1, CESA3 and CESA6,
are involved in primary wall cellulose synthesis, and CESA4, CESA7
and CESA8 in secondary wall synthesis [10,11]. The position
occupied by CESA6 may be substituted by a clade of CESA6-like
CESAs; CESA2, CESA5 and CESA9 [11,12]. The CESA proteins can
be reversibly phosphorylated. In particular, the bidirectional motility
of the CESA complex depends on CESA1 phosphorylation [13]. The
changes in motility appear to be microtubule-dependent, as
removal of the microtubules restored the bi-directional movement
[13]. Migration of the CESA6-related CESA5 depends on its
phosphorylation, which is coordinated by phytochrome activation
[14]. Lastly, many proteins regulate the synthesis of cellulose, either
via a direct interaction with the CESA complex, e.g. the endo-
glucanase KORRIGAN [15,16], and POM2/CSI1 (CELLULOSE
SYNTHASE INTERACTING 1), or indirectly, e.g. POM1/CTL1 (CHIT-
INASE-LIKE1), COBRA and KOBITO/ELD1 (ELONGATION DEFEC-
TIVE1). Mutations in any of these genes also lead to reduced
cellulose content or crystallinity and cell expansion defects of roots
and hypocotyls [17–25].
Box 2. Organization of the cortical microtubule arrays
Microtubules are ‘hollow cables’ with a diameter of 25 nm and are
polarized with one end comprising an a-subunit (– end) and the
opposite end a b-subunit (+ end) [29]. Both plus and minus ends can
grow, shrink and pause. In plants, growth is typically seen only for
plus ends. Nevertheless, minus ends are generally observed to
pause or shrink [30]. Dynamic instability involves stochastic addition
and removal of tubulin subunits leading to switches between
growth, shrinkage and pausing [31]. The initiation of catastrophe
(transition from growth to shrinkage) and rescue (transition from
shrinkage to growth) is controlled by the guanosine triphosphate
(GTP) occupancy of tubulins. Once the rate of GTP hydrolysis is
faster than the growth rate of the microtubule, GTP is depleted from
the plus end, which leads to catastrophe [32]. Dynamic instability at
the plus end and slow depolymerization at the minus end lead to
hybrid treadmilling, which allows for polymerization-based migra-
tion of microtubules [33]. In contrast to animal cells, nucleation of
microtubules occurs at multiple sites throughout the whole cell
cortex and the nuclear envelope in plant cells [34,35]. After
generation of new microtubules, they are transported to sites of
assembly by treadmilling. Building on their dynamic instability and
on their geometrical and biochemical interactions (cross-over,
zippering and ‘touch and go’), microtubule encounters lead to their
self-organization in cortical arrays or bundles with defined orienta-
tion and anisotropy at the cell cortex [35–42].
Review Trends in Plant Science November 2012, Vol. 17, No. 11absence of the microtubules [49], although in an appar-
ently less ordered fashion. The recent discovery that the
gene affected in the previously identified cell expansion
defective, and cellulose deficient, mutant pom2 is synon-
ymous with CSI1 shed new light on the alignment hypoth-
esis and provides a mechanism for the principle of
microtubule guidance of the CESA complexes.
The structural characteristics of the CSI1 protein
CSI1 is a protein of 2150 amino acids with up to 21
armadillo (ARM)/b-catenin-like repeats [53,54]. ARM
repeats consist of about 40 amino acids that fold into three
a helices. Often they occur in repetitive clusters on proteins
forming a right-handed superhelix that serves as platform
for protein–protein interactions [55]. Homology modeling
of the CSI1 sequence revealed a repeated pattern of a-
helices arranged in bundles typical for ARM, or ARM-like,
domains (Figure 1a and b). CSI binds microtubules with an
affinity in the range of the microtubule associated protein 2
(MAP2) [56,57]. Furthermore, the conserved 3D structure
of ARM repeats is related to the structure of HEAT repeats,
which have already been shown to interact with micro-
tubules. For example, the N-terminal HEAT repeat of the
MOR1 (MICROTUBULE ORGANIZATION1)/GEM1
(GEMENI1)/MAP125 protein and its homologs in other
organisms is essential for microtubule binding [58–60].
Some of the best characterized ARM repeat proteins are
the importin alpha-subunit/karyopherin with eight, the
fungal VAC8 with 11, or the b-catenins with 12 ARM
repeats. Given the number of potential ARM repeats in
CSI1, the protein is probably forming a superhelix with
more than twice the length of b-catenins. Interestingly, the
strictly metazoan b-catenins serve some related functions
with CSI1, because they link a transmembrane protein,
cadherin, to the cytoskeleton and thus function in cell–cell
adhesion [61] and mechano-transduction [62]. Similar
functions are known for the VAC8 proteins where
the ARM repeats are important for protein–proteininteraction, including interaction with actin, and the
remaining domains mediate interaction with membranes
[63].
Similar to the b-catenins, CSI1 has a number of putative
sites for Glycogen synthase kinase 3 phosphorylation.
Phosphorylation, and thus changing the surface charge
of proteins, has been shown to regulate interactions of
MAP65s and microtubules [64,65]. In addition, it has been
reported that the microtubule-binding ARMADILLO
REPEAT KINESIN1 (ARK1) interacts with the NEVER
IN MITOSIS A (NIMA)-related kinase 6 (NEK6) [66]. This
interaction influence cell morphogenesis in Arabidopsis
epidermal cells by promotion of microtubule depolymer-
ization at the cell cortex. Similar to csi1, ark1 mutants
show root twisting that in ark1 could be suppressed by
microtubule stabilizing drugs, such as taxol or propyza-
mide.
Apart from the many ARM repeats, CSI1 also harbors a
C-terminal C2 domain (Figure 1). C2 domains form layers
of b-sheets, which can bind to phospholipids in mem-
branes. This association can be stimulated by binding of
calcium, which enhances the interaction through changes
in electrostatic potential of the C2 domain. Once the mem-
brane association becomes stronger, lipophilic loops can
interlace to the membrane, leading to membrane buckling
[67]. Therefore, C2 domains, e.g. in SYNAPTOTAGMIN1,
are considered electrostatic switches with great impor-
tance for vesicle shuttling, affecting both exocytosis and
endocytosis in animal neurons [68]. Hence the C-terminal
C2 domain could target CSI1 to the plasma membrane.
Interestingly, removal of the C2 domain resulted in the
localization of the CSI1 in the cytoplasm [54], supporting
the membrane interaction function of the C2 domain.
Integrating CSI into a refined alignment hypothesis
model
The discovery that CSI1 binds directly to both CESA
subunits and microtubules, associate with the plasma667
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complexes [54,56,57] allows for refined models of the align-
ment hypothesis. For example, how does CSI1 allow for
smooth movement of CESA complexes along microtubules
considering its tight binding to microtubules in vitro? One
possibility is that some form of gliding/sliding mechanism
occurs between the two components in vivo that is not
captured during the in vitro experiments (Figure 2) [56].
Alternatively, frequent switches between a binding and
releasing state of CSI1 on microtubules might be possible,
perhaps similar to the ATP-dependent movement of kine-
sins, i.e. via some form of energy-dependent process. This
could for example be envisioned if CSI1 forms an
extended inverted V-shaped structure, in which the
mid-part binds the CESA complexes (as shown by [53]),
and the ‘legs’ associate with microtubules. Migration
could be fueled via phosphorylation/de-phosphorylation
events, similar to the MAP65 proteins (Figure 2a) [64,65].
Another tentative model for the guidance could include a
balance between the two forces that control CESA com-
plex movement. These forces are the propulsion of the
CESA complexes by the nascent microfibril, and the
binding to microtubules through CSI1. In this model,
multiple CSI1s would attach to CESA complexes and
one or a couple of CSI1 protein(s) would anchor the
complexes to microtubules (Figure 2b). The synthesis of
the cellulose microfibril would push the complex forward,
which would break the association of CSI1 and micro-
tubules and instead allow for a neighboring CSI1 to take
over the association (Figure 2b) leading to a rotary move-
ment of the CESA complexes. The microfibrils form right-(a) ILE 499
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668handed twisted structures [3], therefore a rotary move-
ment of the CESA complexes around its own axis during
cellulose synthesis seems, not only plausible, but neces-
sary to avoid torsional stress. Photobleaching experi-
ments indicated that multiple CSI1s were associated
with each CESA complex (estimated from increasing
POM2-CFP fluorescence intensities at distinct CESA foci
over time (Figure 2b) [54]). Thus, under the assumption
that each complex holds 36 CESAs, an equivalent number
of CSI1s might also be associated. This seems to be
consistent with a rotary model; however, X-ray or NMR
structures of the CESAs and CSI1 will be necessary to
confirm or revise this hypothesis.
It is important to note that removal of microtubules does
not appear to affect the overall motility of CESA complexes
[13,14], although this is controversial [56]. If CSI1 only
guides CESA complexes along microtubules it would be
expected that the velocity of the complexes would not
change when CSI1s were removed. However, in the csi1
mutants the motility of the complexes is reduced to a third
of what is observed in the controls [53]. If the driving force
behind the movement is generated through the activity of
the complexes, i.e. the propulsion of the extruded cellulose
microfibril, it seems improbable that the lack of attach-
ment to microtubules would have an impact on their
velocity. However, changes in spatial organization, and
deviations from straight linear trajectories of CESA com-
plexes were observed upon microtubules or CSI1 impair-
ment [49,54]. Therefore, CSI1 may be important for both
the activity and guidance of CESA complexes along the
microtubules.(v) (vi) (vii)
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ta Bank [99]. The gray structures (i), (iii) and (v) correspond to regions that were not
however, that regions (i), (iii) and (vi) appear to contain Armadillo(-like) repeats as
pecified. (b) Top: Sequence of CSI1 (At2g22125) annotated with the positions of the
in). Bottom: Sequence of CSI1 (At2g22125) annotated with pfam/smarts domain
o the C-terminal C2 domain (labeled ‘C2’). Molecular graphics were produced with
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from CESA delivery
Although synthesis of cellulose occurs at the plasma
membrane, it is hypothesized that the assembly of the
CESA complexes takes place in the Golgi and the com-
plex is then exocytosed to the plasma membrane [15,69].
The Golgi derived vesicles, which probably partake in
the exocytosis of the complexes, have been referred to
as small CESA compartments (smaCCs) [70], or micro-
tubule-associated cellulose synthase compartments
(MASCs) [71]. However, it has also been suggested that
this pool of vesicles may represent internalized CESAs
[71]. Nevertheless, it is clear that the complexes are
preferably delivered to sites at the plasma membrane
that coincide with cortical microtubules [70]. The deliv-
ered complexes then remain immobile for some seconds,
and subsequently start to move at constant speed in(a)
(c)
TGN
Golgi
CSC POM2/CSI1
Key:
 Docking
Figure 2. Schematic model for potential functions of the CSI1 protein in cellulose synthesis.
at the cell cortex. One tentative model for this is that the CSI1 slide, or actively migrates in a
cellulose (a). Another scenario could include a rotary model, in which multiple CSI1s are as
complex forward which would cause neighboring CSI1 proteins to loosen and engage at the
membrane or at sites of smaCCs/MASCs in the cell cortex. Although unclear at this point
probably in conjunction with other proteins. (d) CSI1 proteins associate with and behave aa bidirectional pattern along underlying microtubules
[70].
Interestingly smaCCs/MASCs can also move along
microtubules, [70]; however, the motility of the smaCCs/
MASCs is distinct from that of the CESA complexes, and
occurs in bursts of rapid movement interspersed with
infrequent stops [70,71]. While CSI1 is present at sites
of smaCC/MASC populations (Figure 2c and d), the inser-
tion of the complexes do not appear to depend on CSI1 [54].
It therefore seems that different mechanisms govern the
insertion of CESA complexes adjacent to microtubules, and
their tracking along the microtubules.
Other molecular implications of CSI1
The characterization of CSI1 consolidates the alignment
hypothesis, but it might also help unravel other related
issues.(b)
Microtubule
Cellulose
microfibril
(d)
MT shrinkage
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 (a) and (b) CSI1 is involved in the guidance of the CESA complexes along microtubules
n energy-dependent fashion, along the microtubules while the complexes synthesize
sociated with the CESA complexes. In this case their catalytic activity would force the
 microtubule, respectively (b). (c) CSI1 can interact with the CESAs either at the plasma
, the CSI1 could work as docking sites for the CESA complexes at the microtubules,
s smaCCs/MASCs at the cell cortex. Proteins and structures are not to scale.
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Figure 3. Shape changes rely on the coupling between microtubule and CESA. (a) Cell and organ shape changes in the shoot apical meristem (SAM) expressing the GFP-
LTI6b marker after microtubule depolymerization: cell growth becomes isotropic and tissue folding is reduced. Differential growth between the organ (fast growing) and the
center of the meristem (growing more slowly) is maintained. A red star points at the same cell in two successive time points. Scale bar: 50 mm. (b) Microtubule orientation
generally defines the main direction of cell growth anisotropy through the guided deposition of cellulose microfibrils in the cell wall. (c) The subcellular heterogeneity in
microtubule bundling is correlated with the presence of neck and lobes in pavement cells. (d) The presence of coherent microtubule alignments in files of cells at the
boundary domain of the SAM is correlated with tissue folding. (e) Side view and top view of a SAM expressing a GFP-MBD marker. Assuming that the epidermis is stiffer
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influence the behavior of the CESA complexes [49,54] and
cell growth [27], some form of self-organized cellulose
synthesis appears to occur [26,52,72]. Although it is not
clear how this type of self-assembly is mediated, it is
possible that the already established cell wall structure
inherently aligns the newly formed cellulose microfibrils
[26,73,74]. Because in csi1 mutants cellulose organization
is uncoupled from microtubule-oriented cellulose deposi-
tion, the mutants will certainly be a key tool to address this
issue.
Second, CSI1 may help in understanding how CESA
activity is regulated. In particular, CSI1 binds to the
putative catalytic domain of CESAs [53]. It is hence pos-
sible that CSI1, apart from its role in guiding CESAs along
microtubules, may also play a role in the regulation of
CESA activity (Box 1). This could be mediated by a direct
influence of CSI1 on the conformation of the catalytic
domain of CESAs, or perhaps via recruitment of proteins
necessary for CESA activity. For example, it was suggested
that sucrose synthase, together with a catalytic compo-
nent, can dock to CESA complexes [75], a process that
could be mediated via CSI1.
Third, cellulose synthesis, via CSI1, might be involved
in the control of microtubule behavior in a feedback loop. In
particular, impairment of the CESA complex motility may
lead to microtubule disorganization [76]. However, no
impact on microtubule organization was observed after
partial digestion of the cellulose microfibrils by cellulases
[76]. These data suggest the existence of crosstalks
between the tracking behavior of CESA complexes and
the organization of microtubules. A direct influence of CSI1
on microtubule organization was proposed, as csi1 mutants
showed typical microtubule-related phenotypes, e.g.
twisted growth and disturbed parallel microtubule arrays
in elongating seedlings [54,57].
Putting CSI1 in context to cell growth and shape
Given its role in microtubule-driven cellulose deposition,
CSI1 also provides an exciting avenue to investigate the
cellular mechanisms behind cell and plant shape changes.
Compared to starch, cellulose can reach a much higher
degree of structural order, or crystallinity. This has a
strong impact on the mechanical properties of cell walls,
as wall stiffness depends on the ratio between crystalline
and amorphous cellulose. Decreased cellulose crystallinity
is typically associated with an increased elongation rate.
For example, microtubule fragmentation in the thermo-
sensitive mutant mor1 maintains high levels of crystalline
cellulose, supporting a role of microtubules in promoting
the formation of amorphous cellulose in the wall, and thus
softer cell walls [77]. Considering that the CSI1 protein
affects both microtubule organization, and interaction
between the microtubules and CESA complexes, csi1
mutants may then contain higher levels of crystalline
cellulose. Hence, the CSI1 protein could potentially help
to explain how microtubules regulate the organization ofthan the internal tissues, the meristem can be represented as an elastic shell inflated
arrows). In this scenario, microtubules align along the direction of maximal stress. Orga
boundary domains exhibiting reduced growth rates and coherent microtubules alignme
domains of the SAM revealed with the GFP-MBD marker. Red arrows point at the maincellulose microfibrils in the wall, and by extension how this
relates to cell and plant growth.
The relation between cellulose content and growth rate
is not only restricted to the function of CESA complexes,
but also involves additional regulators, such as accessory
proteins, various signal transduction elements and hor-
mones. Generally, growth rates decrease when cellulose
content is reduced, which may lead to a compensatory
increase in other cell wall components, such as pectin
and lignin, presumably providing some mechanical
strength to the wall [78]. As in yeast, and other walled
organisms, a wall integrity mechanism can activate a
complex signal transduction scheme that counteracts the
wall rupture, thus leading to decreased growth rates [79–
82]. This signaling scheme appears to involve various
classical cell signals, such as reactive oxygen species,
Rho GTPase and calcium [82–84], and also hormonal
changes that may regulate cellular growth [79,82,84].
Considering that defects in CESA complex motility affect
microtubule organization, it appears possible that some
form of signaling process communicates the cellulose
synthesis impairment to microtubules. This could be facili-
tated via the integrity signaling framework described
above in which the impaired CESA complex activity would
be sensed, leading to alterations in hormone levels that
affect microtubule organization. Alternatively, a direct
feedback loop between CESA complexes and microtubules
could be involved, perhaps mediated by CSI1 or associated
proteins.
Analysis of CSI1 may also provide mechanistic insight
into how the cytoskeleton relays mechanical anisotropy of
the cell wall. As discussed above, the linear structure of the
cellulose microfibrils and their parallel alignments is
guided by microtubules orientation [44] that regulates
directional and anisotropic cell growth (Figure 3b). It
should however be noted that growth anisotropy can also
result from other factors. For instance, the boundary
between two groups of cells growing isotropically, albeit
at different growth rates, will be forced to undergo aniso-
tropic growth, as a result of elastic deformation between
contiguous cells, e.g. [85,86] (Figure 3a). In tissues, it is
likely that cortical microtubules provide the most direct
way to modulate anisotropic cell growth locally [87]. This
seems to be true at both supracellular and subcellular
scales. For example, the puzzle shape of pavement cells
has been correlated with microtubules aiding in the rein-
forcement of the wall necks between lobes [88] (Figure 3c).
Furthermore, tissue folding in the shoot apical meristem
(SAM) has been correlated with supracellular microtubule
alignment in the boundary domain between the meristem
and the emerging organ [89] (Figure 3d). These models are
based on the assumption that microtubule arrays reflect
cellulose deposition, a hypothesis that can be tested by
uncoupling the guiding principle, e.g. in csi1 mutants or
through depolymerization of microtubules. However, the
presence of relatively weak phenotypic defects observed in
the csi1 mutants suggests that other mechanisms are also by turgor pressure and the principal direction of stress can be calculated (white
n initiation is associated with a softening of the cell walls that is circumscribed by
nts. (f) Close-ups showing microtubule orientation in the center and the boundary
 microtubule orientation in the boundary.
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Review Trends in Plant Science November 2012, Vol. 17, No. 11involved, such as a self-assembly of microfibrils from CESA
complexes. This further supports the idea that the main
role of the microtubule-dependent CESA complex behavior
is to provide a fast way to reorient growth in response to
signals, rather than the one and only way to control
cellulose orientation in the wall [52].
Among the various cues involved in controlling micro-
tubule behavior and cellulose deposition, the contribution
of cell shape itself is attracting more and more attention,
notably thanks to new developments in 4D live imaging.
For instance, the CLASP protein has been proposed to help
microtubules bend at cell corners, providing a scenario in
which microtubule orientation depends on the cell geome-
try by default [90]. Intriguingly, cortical microtubules and
CESA complexes also exhibit distinct behaviors depending
on their proximity to the outer or inner wall in epidermal
cells [91,92]. In addition to cell geometry, many signals,
such as light, hormones or mechanical stress have been
shown to promote the reorientation of cortical microtu-
bules, thus impacting growth direction and morphogenesis
[93–95]. For instance, the preferential alignment of cortical
microtubules along the direction of maximal stress can in
principle explain how a stem remains cylindrical during
growth: assuming that the epidermis of the stem is under
tension, the maximal direction of stress is circumferential
and thus maintains the microtubules, and arguably the
deposition of cellulose, in a transverse orientation. This
could help shaping the stem as a cylindrical object, and as a
consequence is able to maintain the stress pattern in a
feedback loop [89] (Figure 3e and f).
Could CSI1 be a target of these signals? Inhibition of
cellulose deposition leads to weaker walls [96] and thus to
increased mechanical stress levels. Strikingly, the micro-
tubule response to the predicted stress pattern is enhanced
in these conditions [97]. Therefore, CSI1 and the cellulose
synthesis machinery are probably not required for the
transduction of mechanical stress to microtubules. How-
ever, this does not exclude the possibility that CSI1 mod-
ulates the microtubule response to these signals [54,57].
More generally, the CSI1 protein is a perfect candidate to
decipher the cause and effect of signals on microtubule
behavior and growth, as the corresponding mutant pro-
vides the first instance in which the physical coupling
between microtubules and CESA complexes is largely
reduced. In particular, in csi1 mutants, cellulose deposition
becomes independent from microtubule behavior. One
would predict that cortical microtubules in the csi1
mutants still respond to biochemical and mechanical sti-
muli, while cellulose deposition does not. The role of these
signals in controlling anisotropic growth could be investi-
gated in this context. Other players are likely to be
involved, but a careful analysis of the csi1 phenotypes
could already shed some light on the role of the coupling
between microtubule and CESA complexes in plant mor-
phogenesis and architecture.
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